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Abstract
We show that photonic wave packets can be controlled and manipulated in various ways by a
multi-functional quantum junction comprising a set of three-level atomic nodes which couple two
waveguides. We consider nodes with the Λ-scheme of the allowed optical transitions, one of which
is driven by an external classical electromagnetic control field. Addressing the dynamics of wave
packets in such a system, we demonstrate that an optical pulse can be routed into one of the
selected output channels, split into several parts, delayed by a desired time or stored partially in
the junction. These modes of operation can be selected and controlled by the external classical
field. We argue, therefore, that our proposed design is a promising prototype of a multipurpose
quantum junction.
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The operation of modern networks relies on the functionality of rather complex key
devices, such as switches, routers, and repeaters or amplifiers, etc. The functionality of
these devices is provided by combinations of elementary operations performed by much more
basic elements, such as delay lines, memory cells, and simple routing nodes. Although this
technology is well developed for traditional classical networks, it is still an active research
area in the case of quantum networks, which leaves some room for improvement.
In a quantum network, photons are believed to be the natural candidates for carrying
information with high fidelity as flying qubits in long-distance communications over quantum
channels [1–7]. Therefore, considerable effort has been put into studies of photon transport
in one-dimensional waveguides coupled to quantum emitters [8–11]. These emitters can
be coupled to the quantum channels not only to inject information carriers but also to
manipulate and route them, controlling pathways of signals in the network. Routing is one
of the most important operations in a network, for which reason various implementations of
quantum routers has been proposed [12–28].
It would also be advantageous if a single device could provide all fundamental function-
ality, operating as a router, a delay line, a splitter, or an information storage node. Below
we report on a prototype of such a multipurpose device: a quantum junction comprising
three-level atoms coupling two waveguides. One of the allowed optical atomic transitions is
driven by an external classical electromagnetic control field, which can be used to select the
operating mode of the device and manipulate optical signals propagating in the waveguides.
Our proposed prototype device comprises two waveguides, which are symmetrically cou-
pled by a set of Na sequential three-level systems. The A and B waveguides are modeled as
one-dimensional arrays of sites described by the bosonic operators a†n and b
†
n, which create
a photon with the energy ~ω0 at the n-th site of the corresponding waveguide. The sites are
coupled by the constant nearest-neighbor interaction ξ. For simplicity, we consider identical
waveguides and three-level systems. We assume also that the latter have the Λ type-level
scheme, comprising the state |gj〉, the excited |ej〉, and the third state |sj〉 (where j labels
the atom, j = 1 . . . Na). The energies of these atomic states are Eg, Ee, and Es, respec-
tively. The dipole-allowed transitions |gj〉 ↔ |ej〉 are coupled to the modes a†j and b†j of
the neighbouring waveguide sites with the coupling constant g. Other allowed transitions
|sj〉 ↔ |ej〉 are driven by the external classical control field with the frequency ωc and the
Rabi frequency Ω. Transitions |gj〉 ↔ |sj〉 are dipole forbidden.
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Within the rotating frame approximation and in the rotating frame with respect to
HR = ~ω0
∑
n
(aˆ†naˆn + bˆ
†
nbˆn)
+ ~ω0
∑
j
(|ej〉〈ej|+ |sj〉〈sj|)− ~ωc
∑
j
|sj〉〈sj| ,
the Hamiltonian of the system reads as
H = −ξ
∑
n
[
aˆ†naˆn+1 + bˆ
†
nbˆn+1 + H.c.
]
+
∑
j
[
∆e|ej〉〈ej|+ (∆e −∆s)|sj〉〈sj|
]
(1)
+
∑
j
[
g |ej〉〈gj|(aˆj + bˆj) + ~Ω|ej〉〈sj|+ H.c.
]
,
where ∆e = Ee − Eg − ~ω0 and ∆s = Ee − Es − ~ωc are the detunings of the photon
energies from the two allowed transition energies [29]. Hereafter, we consider the resonant
case ∆e = ∆s = 0, we also set ~ω0 as the reference energy level, the coupling constant ξ as
the energy unit, and ~ = 1. Each standalone waveguide supports plane wave modes with
the dispersion relation E(k) = −2 cos k, where the dimensionless wave vector k ∈ [0, pi]; the
center of the band, E(pi/2) = 0, corresponds to the photon energy ~ω0.
To study the dynamics of a wave packet defined as |Ψ〉 = ∑n [αna†n|gn, 0〉+βnb†n|gn, 0〉]+∑
j
[
uj|ej, 0〉+vj|sj, 0〉
]
, with |0〉 being the vacuum state of the waveguides, we use the time-
dependent Schro¨dinger equation with the Hamiltonian (1) written for the amplitudes αn,
βn, uj, and vj:
α˙n = i (αn+1 + αn−1)− i g δnj uj ,
β˙n = i (βn+1 + βn−1)− i g δnj uj , (2)
u˙j = −iΩ vj − i g (αj + βj) ,
v˙j = −iΩuj ,
where δnj is the Kronecker symbol, j = 1 . . . Na, n = −N . . .N+Na, and N is the number of
sites in each of the left and right channels (branches) of the waveguides. For further reference,
we define different regions of the system as follows: the left channels AL and BL (with
n = −N + 1 . . . 0) of the waveguides A and B respectively, the central or connected region C
(with n, j = 1 . . . Na), and the right channels AR and BR (with n = Na + 1 . . . N +Na). We
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also define integrated densities of probability to find the wave packet in different waveguide
channels and at the atomic states:
PAL,AR =
∑
n∈AL,R
|αn|2 , PBL,BR =
∑
n∈BL,R
|βn|2 , PC =
∑
j
|uj|2 + |vj|2 . (3)
We solve the system (2) numerically using the following normalised Gaussian wave packet
as the initial condition:
αn =
1√
σ
√
pi
e−
(n−n0)
2σ2
2
+i k0n, βn = uj = vj = 0 , (4)
where σ, k0 > 0, and n0 are the width, the wave vector, and the initial position of the center
of the wave packet, respectively. Such a wave packet is propagating from left to right in the
AL channel. We always choose n0 in such a way that the amplitude of the wave packet at
the connected region C is negligible at t = 0, typically n0 = −[N − 3σ].
Hereafter, we consider the system with N = 1000, Na = 12, and g = 0.5. Such a
system with 12 atoms forming the junction was studied recently in Ref. [30], where it is
demonstrated that it has promising scattering properties in the stationary regime for certain
sets of parameters. In this paper, we address the dynamics of wave packets for the most
relevant parameter sets.
First, we investigate the system in the regime of controlled routing. We show that a wave
packet incoming from the left input channel AL can be routed into one of the two right
output channels, AR or BR, which can be selected by the control field Ω. To this end, we
start with inspecting the stationary spectra of the transmission into the two right output
channels, TAR and TBR, for two different values of the control field: Ω = 0 and Ω = 0.85
(see Ref. [30] for details of their calculation); the spectra are shown in panels (a) and (b) of
Fig. 1, respectively. These spectra have useful features in the vicinity of E0 ≈ 0.48, i. e.,
the high and low values of the transmission probabilities into the output channel AR or BR
can be swapped when the control field is switched from Ω = 0 to Ω = 0.85 or vice versa.
Therefore, if the incoming wave packet is properly centered at E0 ≈ 0.48 and if its width in
the energy space ∆E is smaller than the width of the transmission features (≈ 0.1), then
almost the whole wave packet can be routed into one or the other output channel, which is
selected by the control field Ω.
To demonstrate the feasibility of such routing, we consider the dynamics of the wave
packet (4) centered at k0 = arccos (−E0/2) ≈ 1.33 and having the width ∆E = 0.02 in
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FIG. 1. Stationary characteristics and corresponding wave packet dynamics calculated for three
values of the control field: Ω = 0 (upper row), Ω = 0.85 (middle row), and Ω = 0.5 (lower row).
Left column: stationary spectra of the transmission TAR into the AR channel (solid red line) and
TBR into the BR channel (dashed blue line). The vertical grey line indicates the energy E0 = 0.48
of the center of the wave packet whose other parameters are k0 = arccos (−E0/2) ≈ 1.33 and
σ = 100. The shaded area indicates the width of the wave packet in the energy space ∆ ≈ 0.02.
Middle column: the spatio-temporal map of the wave packet probability density |Ψ|2, where the
waveguide regions are ordered in the following sequence: AL,C,AR,BL,C,BR. Right column: the
integrated probability densities PAL (dotted red line), PAR (solid red line), PBL (crossed blue line),
and PBR (dashed blue line).
the energy space (which is much smaller than the width of the above mentioned spectral
features). The corresponding wave packet width in the real space σ can be estimated as
σ = 2 sin k0/∆E ≈ 100. The dynamics of such a wave packet for Ω = 0 and Ω = 0.85
is presented in panels (c) and (d) of Fig. 1, respectively. These panels show the spatio-
temporal maps of the wave packet probability density |Ψ|2, manifesting apparently efficient
routing. Panels (e) and (f) of Fig. 1 demonstrate the efficiency of the routing at a more
quantitative level: they show the dynamics of the integrated probabilities PAR and PBR,
whose asymptotic values are swapped between approximately 0.985 and 0.015 when the
classical field switches between Ω = 0 and Ω = 0.85. Thus, the incident wave packet can be
routed into one or the other output channel selected by the control field Ω.
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FIG. 2. The dynamics of the probability densities at the atomic states |ej〉 and |sj〉 organized in
couples {|uj |2, |vj |2} (j = 1 . . . 12), demonstrating the point-like excitation of the extended junction
(see text for details). All parameters are the same as for the lower row of Fig. 1.
Second, we address the system in the wave packet “1/4-splitting” regime. As was demon-
strated recently [30], the stationary transmission and reflection spectra of the considered
system have wide flat sub-bands in the vicinity of E = ±Ω. Within these sub-bands, the
probabilities of scattering into the four possible channels (AL, AR, BL, and BR) are all ap-
proximately equal to 1/4 (see panel (g) of Fig. 1 where these characteristics are shown for
Ω = 0.5). Thus, if a propagating wave packet is properly centered at E ≈ ±Ω and its energy
width is less than that of the flat sub-band, which is on the order of 2g = 1 in our case, the
packet will be split into four approximately equal parts. The dynamics of such a wave packet
was calculated for Ω = 0.5 with the same parameters as above. The results are presented
in panels (h) and (i) of Fig. 1, which show an even splitting of the incident wave packet. In
particular, the right panel (i) shows that the asymptotic values of all integrated probability
densities are equal: PAL = PAR = PBL = PBR = 0.25, indicating that the incident wave
packet is split into four equal parts.
To get an insight in the mechanism of such an even splitting we plot in Fig. 2 the map of
the probability densities |uj|2 and |vj|2 at the atomic states |ej〉 and |sj〉. The map shows
clearly that only the states of the leftmost atom (with j = 1) are excited during the pulse
scattering. The latter suggests that the whole junction acts as a point scattering defect, and
therefore the scattering is symmetric in this case: the amplitude of such a scattering into all
the four channels is the same. This finding confirms our earlier result [30] obtained for the
stationary case: within the 1/4-scattering flat bands, the whole junction acts as a very high
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quantum mechanical barrier; then, the amplitude of the wavefunction at the atomic states
decays exponentially, and it is already negligible at the second atom (j = 2). Thus, the whole
extended junction is acting as if it was a point defect, splitting the incoming pulse into four
approximately equal parts. The latter suggests a mechanism of an even and efficient optical
pulse splitting. On the other hand, in the single-photon regime, such a system can be used
as a quantum random number generator [31, 32]: each mutually exclusive single-photon
detection in either of the four channels would give a two-bit random number.
Finally, we address the delay and storage properties of the quantum junction. To demon-
strate these, we simulate the propagation of the wave packet (4) with σ = 100 and k0 = pi/2
(such a wave packet is centered at the center of the waveguide energy band, i. e. at ~ω0).
Figure 3 presents results of such calculations for Ω = 0.12 in the upper row and those for
Ω = 0.08 in the lower row. The left column of Fig. 3 demonstrates the spatio-temporal
map of the wave packet probability density |Ψ|2. To describe the dynamics more quanti-
tatively, we also plot the integrated probability densities PAL,AR, PBL,BR, and PC in the
middle column of Fig. 3.
The left and middle columns of Fig. 3 show that when the wave packet (incoming from the
AL channel) reaches the junction, it is partially scattered into the two right output channels
AR and BR. As a result, two almost identical primary scattered pulses start propagating
freely in the output channels [these are labeled by p in Figs. 3(a) and 3(b)]. Each of these
two pulses carries about 1/4 of the integrated probability density; the rest 1/2 of the density
is stored in the atomic states as can be seen from panel (c) of Fig. 3 for 400 . t . 500 (see
the green dash-dotted line). Panels (a) and (c) of Fig. 3 show also that two secondary pulses
start propagating in the two right output channels after some delay [those are labeled by s
in Fig. 3(a)]. These secondary pulses are broadened with respect to the primary ones but
they also carry about 1/4 of the integrated probability density each [see Fig. 3(c)].
To get an insight in the mechanisms of the secondary pulse formation and delay we plot in
the right column of Fig. 3 the spatio-temporal maps of the probability densities |uj|2 and |vj|2
at the atomic states |ej〉 and |sj〉, respectively. The two maps show that the incident pulse is
forming the secondary one, which is propagating in the junction over the atomic |sj〉 states
(note that |uj|2 = 0). While such secondary pulse is propagating in the junction, it has a
considerably smaller group velocity than those pulses propagating freely in the input/output
channels. The group velocity is small because the |sj〉 states are coupled only indirectly,
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FIG. 3. Probability density dynamics calculated for two different values of the control field: Ω =
0.12 (upper row) and Ω = 0.08 (lower row). Left column: the spatio-temporal map of the wave
packet probability density |Ψ|2, where the waveguide regions are ordered in the following sequence:
AL,C,AR,BL,C,BR. The primary and secondary pulses are labeled by p and s, respectively. The
middle column shows the integrated probability densities PAL (dotted red line), PAR (solid red
line), PBL (crossed blue line), PBR (dashed blue line), and PC (green dash-dotted line). Right
column: the dynamics of the probability densities at the states |ej〉 and |sj〉 organized in couples
{|uj |2, |vj |2} (j = 1 . . . 12), demonstrating the propagation of the secondary pulse over the atomic
states (see text for details). The wave packet parameters are k0 = pi/2 and σ = 100.
via the waveguide and the excited |ej〉 states. The |sj〉 and |ej〉 states are coupled by the
field Ω and, therefore, it is natural to expect that the smaller group velocity depends on the
control field Ω. Panels (e) and (f) of Fig. 3 confirm this expectation, showing that the group
velocity decreases with the coupling field (note the difference in the slopes in panels). When
the slow secondary pulse reaches the right extreme of the junction it scatters into the two
right output channels, forming two almost identical broadened secondary scattered pulses
which propagate freely (with the normal group velocity) in AR and BR channels following
the primary pulses. Because of the aforementioned difference in the group velocities, the
secondary pulses are delayed with respect to the primary ones. As we have argued, this
delay can be controlled by the classical field Ω, which suggests a mechanism of the pulse
delay control.
Note also that when the incident pulse has already scattered into the output channels in
the form of the primary pulses, the secondary pulse can still be propagating in the junction
over its atomic states |sj〉. If the control field Ω is switched off at such a moment, the
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secondary pulse can be “frozen” or stored in the atomic states |sj〉 because they would be
completely decoupled from the states |ej〉 and the rest of the system. Within our idealized
model (which neglects dissipation completely) such storage has an unlimited time: the
stored part of the wave function preserves its amplitudes at the atomic states and relative
phases. Then, if the external field is switched back on, the stored pulse would be “released”
and continue its propagation, which suggests a mechanism of the pulse trapping or storage
control. A more detailed study of the pulse trapping or storage and group velocity control
is due to be published elsewhere.
In conclusion, we have studied the dynamics of photonic pulses in the system of two
waveguides coupled by the multipurpose quantum junction comprising a set of three-level
atoms with the Λ-scheme of the allowed optical transitions, one of which is driven by an
external classical electromagnetic control field. We demonstrate that photonic wave packets
propagating in the system can be controlled and manipulated in various ways. In particular,
an incident pulse can be routed into a selected output channel or split in several parts, some
of which can be delayed by an amount of time determined by the control field. The pulse can
also be partially trapped or stored in the junction and released afterward in a controlled way.
All these operations can be performed with high efficiency by the same physical device. We
argue, therefore, that our proposed model system can provide useful guidelines on the design
of the multi-functional junctions, making the future all-optical circuitry building blocks more
multipurpose and integrated. Given that our model is simple and quite generic, similar
devices can be designed based not only on atomic but also on other physical three-level
systems, such as SQUIDs. We believe that the wide variety of operational regimes combined
with high efficiency of operation makes our model design a promising prototype proposal
for applications in next-generation information processing and communication technologies.
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